This study emphasizes the electrochemical detection of Neuraminidase (NA) based on NA inhibition by Zanamivir. The detection method was developed based on the difference of electrochemical responses of Zanamivir in the presence and the absence of NA in phosphate buffer solution (pH 5.5). Gold and gold-modified boron-doped diamond was used as the working electrode and the measurement was conducted using cyclic voltammetry method. A linear calibration curve of Zanamivir was observed in the concentration range of 5 × 10
Introduction
Neuraminidase (NA) is an exosialidase enzyme, commonly found in many pathogenic microbes and viruses such as Vibrio cholera, 1 Streptococcus pneumonia, 2 Corynebacterium diptheriae, 3 Erysipelothrix rhusiopathiae, 4 Clostridium perfringens, 5 Ornithobacterium rhinotracheale, 6 avian influenza (AI) virus and Newcastle disease (ND) virus. 7 NA cleaves A-ketosidic linkage between sialic acid and an adjacent sugar residue, and facilitates viral release from the host cell surface to the target cell. 8 The qualitative NA detection is very important to monitor the spread of pathogen microbes or viruses, while the quantification is also crusial for vaccine composition investigation. Previously, NA analysis was already developed based on enzymatic reaction, 9, 10 ELISA, 11 RT-PCR, 12, 13 and LC/MS/MS. 14 These methods generally require a several types of chemicals, special instruments, and highly skilled analysts.
Electrochemistry is known as a green analysis technique, since this technique only requires a small amount of reagents, short time analysis with a simple instrument and skill. On the other hand, boron-doped diamond (BDD) films are well established as the working electrodes due to their low background currents, wide potential windows in aqueous solution, and high chemical and physical stability. 15, 16 In addition, BDD is highly biocompatible as it is composed of carbon. 17 Significant advantages of metal-modified BDD electrodes have been reported to generate very low background currents, small noises, and very low limits of detections. [17] [18] [19] [20] Development of an electrochemical method for NA detection using gold modified BDD (Au-BDD) electrodes is the objective of this study. Since NA is not a redox enzyme, it is not electrochemically active and unable to be detected directly using electrochemical method. Meanwhile, Zanamivir (Fig. 1) is a NA inhibitor as the active sites of NA forms the hydrogen bonds and electrostatic interactions with Zanamivir. 21 To the best of our knowledge, very limited reports have been published for the electrochemical detection of Zanamivir and NA as well. Zanamivir was reported to act as the electrocatalyst for hydrogen reduction at mercury drop electrode, therefore, indirect electrochemical detection of NA can be performed. 22 In this study, the indirect electrochemical detection of NA was developed based on Zanamivir inhibition against NA using Au-BDD electrode, to avoid the use of mercury. Linear calibration curve can be achieved as the presence of Zanamivir inhibits the oxidation of gold electrodes. Moreover, the formation of Au microarray electrode at BDD electrode provides the more sensitive responses in comparison to that of gold bulk electrodes, suggested that the method is promising to be applied.
Material and Methods

Materials
Zanamivir as well as Neuraminidase from Clostridium perfringens were supplied from Sigma Aldrich, while HAuCl 4 ·4H 2 O and other chemicals were purchased from Wako Chemicals (Japan). Pt wire (dia. 0.2 mm) and Ag wire (dia. 0.5 mm) were obtained from Nilaco (Japan). An Ag/AgCl (saturated KCl) system was supplied from BAS Inc. (Japan). Silicon wafer was supplied from Mitsubishi Materials Silicon Corp., Japan. Double distilled water was used with maximum conductivity of 18 M³ obtained from Simply-Lab water system (DIRECT-Q 3 UV, Milipore).
Preparation of boron-doped diamond electrode
Boron-doped diamond (BDD) was grown on silicon wafer by microwave assisted plasma chemical vapor deposition (MAPCVD) technique (ASTeX Corp.) at a microwave power of 6 kW for 6 hours. The preparation details and characterization have been described elsewhere. 15 Trimethylborane was used as the boron source and methane as the carbon source with B/C molar ratio of 1:1000. Pure hydrogen was used as the carrier gas. SEM images (FEI Sirion) showed an average size of diamond particles of ³5 µm, while Raman spectra (Olympus BX51M) showed an intense peak at 1332 cm
¹1
, indicating the C-C sp 3 bonding which is the characteristic of diamond with a high degree of crystallinity. 23 In addition, two peaks at 500 cm ¹1 and 1230 cm ¹1 can be interpreted as fraction of carbon disorder due to the presence of boron-doped were observed. 15, 24 XPS (JEOL JPS-9010 TR photoelectron/spectrometer) was used to characterize the chemical composition at the electrode surface.
Deposition of gold at BDD electrode
Prior to use, BDD was cleaned by ultrasonication in 2-propanol for about 10 min followed by rinsing with high purity-water. The Au-BDD electrodes were prepared using chronoamperometry technique with a potensiostat (ALS/H CH Instruments) in a single compartment cell containing 4 mL of 1 mM HAuCl 4 ·4H 2 O solution in 0.5 mM H 2 SO 4 . The geometric area of the working electrode was estimated to be 0.125 cm 2 . A platinum wire was used as the counter electrode and an Ag/AgCl system was used as the reference electrode. The optimum deposition potential and deposition time of ¹200 mV and 100 s, respectively, were evaluated using cyclic voltammetry of 4 mL of 1 © 10 ¹4 mM Zanamivir solution in 0.1 M phosphate buffer solution (PBS).
Electrochemical measurements of Zanamivir and
Neuraminidase Electrochemical measurements were carried out using cyclic voltammetry method in the same cell as that in Procedure 2.3. For NA measurements, a volume of 100 mU NA was added into 300 mL 0.1 M PBS containing of 1 © 10 ¹3 M Zanamivir. Then, 0.1 M PBS was added to make a total volume of 3.0 mL. The enzymatic reaction was conducted at 37°C, while the pH and the inhibition reaction time were optimized. In order to terminate the activity of NA, 1 mL of 0.014 M NaOH in 83% ethanol was added to the solution. 25 This solution was then measured by cyclic voltammetry technique. Figure 2 shows the SEM images and XPS spectra of unmodified BDD in comparison with those of Au-BDD prepared with a deposition potential of ¹200 mV in 100 s. The SEM profile shows that Au particles could be dispersed at BDD surface with various particle sizes from 10 to 50 nm (Fig. 2b) . The XPS spectrum of BDD (Fig. 2c) shows the major peak of C 1s at 283.6 eV and minor peak at 284.83 eV, respectively, indicated the presence of C-H and C-C bonds. After gold deposition process, new peaks were observed at 83.2 eV and 87 eV, which are attributable to Au 4f 7/2 and Au 4f 5/2 , respectively (Fig. 2d ). These peaks indicate the existence of Au 0 on BDD surface. There was no significant shift of C 1s peak at Au-BDD electrode, indicating that Au particles were physically deposited at BDD surface without any chemical bonding. Figure 3 shows the cyclic voltammograms (CVs) of 0.1 M PBS (pH 7) obtained at a potential scan rate of 100 mVs ¹1 in the absence and in the presence of various concentrations of Zanamivir at Au (Fig. 3a) and Au-BDD (Fig. 3b) electrodes. In the presence of Zanamivir, there is no new oxidation or reduction peak observed in potential range of 0 V to +1.50 V. However, the CVs showed that the presence of Zanamivir leads to the decrease of oxidation and reduction peak currents of Au at the potentials around +0.9 V and +0.4 V, respectively. The current peaks continue to decrease as the concentration of Zanamivir increases. The plots of the oxidation and reduction current peaks at both electrodes show a linear correlation towards Zanamivir concentrations (Figs. 3c and 3d) , indicating a strong relationship between Zanamivir and oxidation-reduction peaks of Au.
Result and Discussion
Characterization of Au-BDD electrode
Electrochemical behavior of Zanamivir
Previously, detection of Zanamivir at mercury electrodes conducted at pH 2.2 showed an increase of reduction current of mercury with the presence of Zanamivir. 22, 26 Skrzypek proposed that Zanamivir as a guanidino compound is adsorbed at mercury surface and catalyzed the reduction of H + to H 2 , resulting in the reduction peak at ¹1.35 V (vs. Ag/AgCl) at mercury electrodes. 22, 26 On the other hand, adsorption of Zanamivir in this present work was conducted at gold based electrodes at a normal pH, considering its application for enzyme detection. Apparently, the presence of Zanamivir prevents the redox reaction of gold surface and reduces the peak currents of gold oxidation and reduction. An established oxidation-reduction reaction of gold is shown in Eq. 1, as follows
The proposed mechanism is since the adsorption of Zanamivir at the surface of electrodes reduces direct contact between gold surface and water/oxygen, this will result in the deceleration of oxidation and reduction of gold surface. It was reported that binding of an organic layer to the surface of the electrode slows down the electron transfer on electrode surface. 28 It was also reported that guanidine compounds serve as a donor ligand, which the electron pair at =N-H site in Zanamivir is predicted to contribute the coordination covalent bonds with gold electrode. 29 Furthermore, at the Au electrode the oxidation peaks tend to shift to the more positive potential when the concentration of Zanamivir increased (Fig. 3a) , indicated the kinetics is affected by the adsorption of Zanamivir. Adsorption of Zanamivir can change the surface of the electrodes, which affected to the kinetics. On the contrary, the potential shift was very less at the Au-BDD electrode. The possible reason for the stability of the peaks is that the Zanamivir, which is adsorbed at the electrode surface can release better from Au nanoparticles than from Au bulk. Therefore, kinetic problems can be ignored at Au-BDD electrodes.
In order to examine the linear dynamic concentrations of Zanamivir, similar range of concentrations (5-100 µM) was examined at both electrodes. However, while Au electrode shows from 10 to 50 times higher sensitivity than Au-BDD, one order higher linear dynamic range of concentrations as well as lower limits of detection (LODs) can be achieved using Au-BDD electrodes (Fig. 3) . At Au electrodes, the peak currents were decreased and reached its' lowest at the concentrations below 10 µM. In the case of Au-BDD, the peak current was continued to be decreased down to the concentration of 1 µM. Consequently, Au-BDD showed a linear calibration curve of Zanamivir in the concentration range of 5-100 µM, while Au electrode showed the linearity in the range of 10-100 µM. This behavior can be explained since Au nanoparticles at the BDD surface, which has less conductivity than Au bulk electrode, can generate a very low background current. 18 Therefore, although the current responses at Au-BDD were smaller, the low background current made very small signals can be distinguished from the background, resulting in low limit of detection of Zanamivir at Au-BDD.
Furthermore, high precision of the current responses was investigated for nine-repetitive measurements, which were reflected Electrochemistry, 83(5), 357-362 (2015) in the relative standard deviations (RSDs) of less than 2% at both Au and Au-BDD. The summary of the analytical performance of Zanamivir at Au and Au-BDD electrodes was presented in Table 1 .
The effect of the scan rate on the oxidation and reduction peak currents of Au reduction was investigated using a solution of 1.5 © 10 ¹4 M Zanamivir at Au and Au-BDD electrodes. The scan rate was varied from 25 to 250 mV/s. The linear relationships were achieved between the peak currents of Au oxidation-reduction and the square roots of the scan rates (R 2 = 0.997), which are consistent to the Randles-Sevcik equation and suggest that the mass transfer of active compounds is under the control of diffusion. This behavior is interesting since it is well known that the oxidation-reduction of gold to be is affected by the adsorption of oxygen/water at the gold surface. In order to confirm the behavior, scan rate dependence was also examined at Au electrodes. In the presence of Zanamivir, a linear relationship of peak currents to the square roots of the scan rates was also observed. On the contrary, other experiments conducted in the absence of Zanamivir at Au and Au-BDD showed linearity of the peak currents to the scan rate. The data confirmed that the presence of Zanamivir, whis is adsorbed at gold active sites, influences the oxidation-reduction mechanisms. The reason is probably due to the better interaction of oxygen/water at the Zanamivir sites than at Au sites. As Zanamivir contains some -OH and -COOH functional groups, water/oxygen prefers to interact to Zanamivir through the hydrogen bonds.
Further, the diffusion coefficient of 2.5 © 10 ¹5 cm 2 /s was determined by chronoampherometry and calculated based on Cottrell equation. The value is confirmed to the diffusion coefficient of water/oxygen, as water is considered as the active species in redox reaction. 30 Since the detection is based on the adsorption of Zanamivir at gold sites, interference from glucose, which is known to strongly adsorp at gold surface, 31 have been investigated. The CVs (Fig. 4) shows that the presence of 10 ¹2 M glucose in 0.1 M PBS (pH 7), equal to its concentration in normal blood, 32 caused the peak current of gold reduction decrease approximately 3.5%. On the other hand, the decrease of peak current caused by 10 ¹4 M Zanamivir was 15.3%. Therefore, theoretically, glucose did not significantly reduce the peak current of gold reduction. Furthermore, CVs of various concentrations of Zanamivir show that the linear correlation of Zanamivir can be monitored in the presence of glucose (Inset of Fig. 4 ).
Electrochemical detection of neuraminidase (NA)
Theoretically, the active sites of NA interact with Zanamivir through hydrogen bonding and electrostatic interaction, which is possibly occurred at the guanidine functional group of Zanamivir. 21 Therefore, when NA presents in the solution containing of Zanamivir, the concentration of free Zanamivir in the solution decreases and less Zanamivir can be adsorbed at the electrode. As the result, the oxidation and the reduction peak currents of gold increases.
The effect of pH and inhibition time of NA by Zanamivir was investigated. The pH value was varied in the range of 5.0 to 7.5, since only a low or even no activity of NA is observed under the alkaline conditions, while the inhibition time was varied in range of 10 to 40 min. An optimum pH of 5.5 was observed (Fig. 5a) , which is in agreement to the pH of optimum activity of NA from C. perfringens, which was used for this work. 33 Furthermore, optimization of the inhibition time was found to be 25 min as shown in Fig. 5b .
A total concentration of 1.5 © 10 ¹5 M Zanamivir was employed in the analytical measurements of NA. Since the current responses were relatively small, the oxidation and reduction peak currents were hardly affected with and without the presence of NA at Au electrode (Fig. 6a) , resulting in a weak correlation between the peak currents towards the NA concentrations (Fig. 6b) . On the contrary, although the linear correlation was not satisfactory for the oxidation peak currents, a linear correlation could be observed between the Electrochemistry, 83(5), 357-362 (2015) reduction peak currents towards the NA concentrations in the range of 0.5-10 mU (r 2 = 0.996) at Au-BDD (Insets of Figs. 6a and 6b ). The LOD was estimated from y LOD = a + 3S 0 , with S 0 was the blank standard deviation and a as the intercept of linear equation. The estimated LODs of 0.59 mU and 0.25 mU NA can be achieved (S/N = 3), using oxidation and reduction peak, respectively. Furthermore, a high reproducibility can be achieved by RSD values of 1.39% and 1.18% for oxidation and reduction peak respectively for nine-repetitive measurements. These results suggested that the developed method could be applied for NA detection. Moreover, the reduction peak provides a better performance than the oxidation peak.
For a model of real sample applications, the method was employed for the detection of NA in the presence of mucin Bovine Submaxillary Glands type I-S M3895. Mucin was selected as the matrix for a real sample application, since NA can be found in the influenza virus. It is well known that a symptom of the infected influenza person is a production of nasal mucus, which is a kind of mucin. Figure 7 shows that in the presence of 0.33 mg/L of mucin, a linear calibration curve could be achieved for NA determination in the concentration range of 0 to 15 mU. Comparison between Figs. 6 and 7 suggested that in the voltammograms with mucin, higher oxidation and reduction peak currents were observed. This result is reasonable since mucin contains proteins, which can provide some electroactive functional groups. 34, 35 The presence of mucin also seems to give current contributions as showed by higher slopes for both oxidation and reduction peak currents. However, a comparable LODs was achieved, i.e. 0.25 mU, suggesting that the detection method of NA can work well even by in the presence of mucin sample. 
Conclusions
Electrochemical detection of Zanamivir in 0.1 M phosphate buffer solution (PBS) has been successfully investigated at gold (Au) and gold-modified boron-doped diamond (Au-BDD) electrodes. The method could be applied for the detection of neuraminidase (NA) since the interaction between Zanamivir and NA reduces the direct contacts of Zanamivir at the electrodes. As a consequence, the oxidation and reduction peak currents of gold increases. Linear calibration curves of NA could be monitored in the concentration range of 0-15 mU phosphate buffer (pH 5.5) with an inhibition time of 25 min. The estimated detection limit of NA was found to be 0.25 mU. An excellent current reproducibility of NA was observed with RSD of 1.18%. A comparable performance was observed in the presence of mucin, suggested that the method is applicable for real applications. Electrochemistry, 83(5), 357-362 (2015) 
